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Mesp1 and Mesp2 are homologous transcription factors that are co-expressed in the anterior presomitic mesoderm (PSM) during mouse
somitogenesis. The loss of Mesp2 alone in our conventional Mesp2-null mice results in the complete disruption of somitogenesis, including
segment border formation, rostro-caudal patterning and epithelialization of somitic mesoderm. This has led us to interpret that Mesp2 is
solely responsible for somitogenesis. Our novel Mesp2 knock-in alleles, however, exhibit a remarkable upregulation of Mesp1. Removal of
the pgk-neo cassette from the new allele leads to localization of Mesp1 and several gene expression, and somite formation in the tail
region. Moreover, a reduction in the gene dosage of Mesp1 by one copy disrupts somite formation, confirming the involvement of Mesp1
in the rescue events. Furthermore, we find that activated Notch1 knock-in significantly upregulates Mesp1 expression, even in the absence
of a Notch signal mediator, Psen1. This indicates that the Psen1-independent effects of activated Notch1 are mostly attributable to the
induction of Mesp1. However, we have also confirmed that Mesp2 enhances the expression of the Notch1 receptor in the anterior PSM.
The activation and subsequent suppression of Notch signaling might thus be a crucial event for both stripe pattern formation and boundary
formation.
© 2007 Elsevier Inc. All rights reserved.Keywords: Somitogenesis; Mesp2; Mesp1; Notch signaling; Mouse geneticsIntroduction
Somitogenesis in vertebrate embryos involves multiple
patterning and morphogenetic events, many of which are
strictly regulated and precisely coordinated. Among these are
the formation of periodic spatial patterns, based on the
oscillation of gene expression (molecular clock mechanisms)
in the presomitic mesoderm (PSM), patterning of the rostral and
caudal half compartments within each somite, spatial and
morphological somite boundary formation, and mesenchymal–
epithelial transition from the PSM into the epithelial somite.⁎ Corresponding authors. Y. Takahashi is to be contacted at fax: +81 3 3700
9647. Y. Saga, Division of Mammalian Development, National Institute of
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doi:10.1016/j.ydbio.2007.01.007Previous studies in zebrafish, Xenopus, chick and mouse
embryos have now provided considerable insight into the
molecular basis of each aspect of somitogenesis (Pourquié,
2003; Rida et al., 2004).
Previous gene targeting studies in mouse have described
many loss-of-function mutants lacking genes that encode key
molecules in somitogenesis. Studies in our laboratory have
focused on the roles of Mesp1 and Mesp2, members of the
Mesp family of bHLH-type transcription factors (Saga et al.,
1996, 1997). Mesp1 andMesp2 are co-expressed in the anterior
PSM, and we have shown previously that Mesp2-null embryos
display a complete disruption of rostro-caudal patterning,
somite border formation and subsequent epithelialization of
the somitic mesoderm (Saga et al., 1997; Takahashi et al., 2000;
Nomura-Kitabayashi et al., 2002). In Mesp2-null embryos, no
somites are formed, the rostral half properties are lost and the
entire somite region exhibits caudal half properties (caudaliza-
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somitogenesis (Saga et al., 1997; Takahashi et al., 2005). These
findings imply that Mesp2, but not Mesp1, is essential for
somitogenesis.
Our recent chimera analyses, using both Mesp2-null and
Mesp1/Mesp2 double-null cells, also support the contention
that Mesp1 makes a relatively smaller contribution to
somitogenesis than Mesp2 (Takahashi et al., 2005). Although
the involvement of Mesp1 has been suggested during the
epithelialization of the somitic mesoderm, the contribution of
Mesp1 seemed to be trivial in both somite border formation and
rostro-caudal patterning. All these results, however, are based
on our Mesp2-knockout allelesMesp2neo/neo (Saga et al., 1997),
Mesp2L/L (Takahashi et al., 2000, 2003) and Mesp2GFP/GFP
(Takahashi et al., 2005). As the Mesp1 and Mesp2 genes are
located head to head in close proximity, gene targeting of one
may well affect the expression/regulation of the other by
interfering with putative enhancer elements. In addition, it is
widely known that insertion of a pgk-neo cassette or reporter
gene into a specific locus may affect the expression of
neighboring genes (Olson et al., 1996; Kassar-Duchossoy et
al., 2004). Hence, since our conventional Mesp2 alleles all
incorporate pgk-neo, we cannot exclude the possibility that the
insertion of pgk-neo has interfered with the expression or
regulation of Mesp1 in our earlier studies. To clarify the
possible involvement of pgk-neo insertion into the Mesp2 locus
in disrupting Mesp1 expression, we have compared the levels
and patterns of Mesp1 expression between two novel Mesp2
alleles, i.e. Mesp2neoMCM and Mesp2MCM, in our current study.
Surprisingly, both somite boundary formation and the localized
expression pattern of several genes were significantly restored
by excision of the pgk-neo cassette. This phenotypic difference
appeared also to correlate with the differences in the expression
pattern of Mesp1.
The Notch signaling pathway has been implicated in the
molecular clock mechanism (Palmeirim et al., 1997; McGrew et
al., 1998; Forsberg et al., 1998; Jiang et al., 2000; Oates and Ho,
2002) and in rostro-caudal patterning (Conlon et al., 1995; Oka
et al., 1995; Dornseifer et al., 1997; Hrabe de Angelis et al.,
1997;Wong et al., 1997; Kusumi et al., 1998; Evrard et al., 1998;
Zhang andGridley, 1998; del Barco Barrantes et al., 1999; Takke
and Campos-Ortega, 1999; Holley et al., 2000, 2002; Takahashi
et al., 2000, 2003; Koizumi et al., 2001; Bessho et al., 2001,
2003; reviewed in Saga and Takeda, 2001). Among the Notch
pathway components, Presenilin1 (Psen1), a Notch signaling
mediator with gamma-secretase activity, is involved in cleavage
of the Notch intracellular domain (NICD; De Strooper et al.,
1999; Struhl and Greenwald, 1999; Ye et al., 1999). The Psen1-
null embryos exhibit rostralization of somites, in contrast to the
Mesp2-null embryos. To elucidate the relationship between
Mesp2 and Notch signaling we previously performed genetic
analyses of Mesp2- and Psen1-null mice, and also mice carrying
an activated Notch1 in theMesp2 locus (Takahashi et al., 2000).
In the absence of Mesp2, activated Notch1 partially mimicked
the roles of Mesp2 in suppressing the expression of the caudal
genes Dll1 and Uncx4.1. These effects of activated Notch1 were
found to be enhanced in the Psen1-null background. From theseearlier observations, we proposed a model in which two Notch
pathways can be active in the anterior PSM. One is the Psen1-
dependent and induces the expression of Dll1, and the other is
the Psen1-independent and suppresses this expression of Dll1.
In this regard, Mesp2 normally suppresses the Dll1-inducing
pathway and potentiates the Dll1-suppressing pathway. Our
recent findings, however, strongly suggest that Mesp2 sup-
presses Notch signaling activity (Morimoto et al., 2005).
Expression domains of Mesp2 protein and cleaved Notch
intracellular domain (NICD) form a clear, mutually exclusive
boundary at the anterior margin of the Mesp2 domain. In
addition, Mesp2 directly induces transcription of lunatic fringe,
encoding a Notch modulator which appears to suppress Notch
signaling. This has led us to reinvestigate the precise molecular
nature of the Psen1-independent Notch pathway in rostro-caudal
patterning in our present study. We find that the expression of
Mesp1 is significantly upregulated by activated Notch1 in a
Psen1-independent manner, and is likely to account for the
observed effects of activated Notch1 that mimic the functions of
Mesp2.
Materials and methods
Animals
Dll1-null (Hrabe de Angelis et al., 1997), Psen1-null (Koizumi et al., 2001),
Mesp2-LacZ knock-in and Mesp2-activated Notch1 knock-in (Takahashi et al.,
2000) mice are maintained in the animal facility in National Institute of Health
Sciences, Japan. Double heterozygous mice with an ICR background for each
combination of genes were used to obtain the double homozygous embryos. The
primer sets used for genotyping are described in the original papers.
Gene targeting strategy to generate the Mesp2neoMCM allele
The knock-in strategy used to target the Mesp2 locus is largely similar to our
previously described method (Takahashi et al., 2000), except that a MerCreMer
cassette (Laugwitz et al., 2005) was inserted (Supplementary Fig. S1). The pgk-
neo cassette flanked by Frt sequences was removed by crossing with flpe mice
(Dymecki and Tomasiewicz, 1998).
In situ hybridization, histology and skeletal preparations
The methods used for whole mount in situ hybridization, histology and
skeletal preparation by Alcian blue/Alizarin red staining are as described in our
previous report (Saga et al., 1997).
Results
Novel Mesp2 knock-in alleles show distinct phenotypes
compared with Mesp2L/L
In Mesp2L/L embryos, Mesp1 is expressed at levels that are
comparable to wild-type, but this does not rescue the somite
defects that are manifested in the absence of Mesp2 (Takahashi
et al., 2005). However, as the Mesp2-LacZ knock-in allele
contains a pgk-neo cassette, which can often affect the
expression of additional genes in close proximity, we speculated
that the expression of Mesp1 may also be disrupted in this
genotype. To exclude this possibility, we constructed a novel
Mesp2 knock-in allele with a pgk-neo cassette flanked by Frt
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neo cassette was removed by the flp–FRT system to generate
Mesp2MCM (Supplementary Fig. S1). In these alleles, the
mutated estrogen receptor-driven Cre recombinase gene, Mer-
CreMer, was inserted for the purpose of inducible expression,
but Cre mRNA failed to be expressed by unknown reason (data
not shown). We therefore reasoned that Mesp2neoMCM and
Mesp2MCM could both serve as a simple Mesp2-null allele, with
or without the pgk-neo, respectively, and compared the
somitogenesis phenotypes resulting from the use of these
alleles with those of Mesp2L/L.
Surprisingly, the novel Mesp2-null alleles exhibited phe-
notypes that differed from Mesp2L/L. The homozygous
Mesp2neoMCM/neoMCM embryos exhibited defects in somite
formation that were largely similar to those evident in
Mesp2L/L embryos (Figs. 1A, B, D and E; n=5, 4, 5 and 3,
respectively). We observed, however, that the homozygous
Mesp2MCM/MCM embryos without a pgk-neo cassette have
slightly longer tails, more regular dermomyotomes and exhibit
an external appearance of somite formation in the tail region
(Figs. 2D, H and L). Histological examinations further
revealed that the Mesp2MCM/MCM embryos do not show
epithelial somite formation at E10.5 but do show the
formation of incomplete epithelial somites at E11.5 (Figs.
1C and F; n=4 and 5, respectively). Morphological segment
boundaries in Mesp2MCM/MCM embryos are also formed at a
fairly regular interval, although these boundaries are often
incomplete and sometimes contain a cell cluster which belongs
to neither of the neighboring somites (Fig. 1F). Hence, the
Mesp2MCM/MCM embryos show a partial rescue of somite
boundary formation but in the tail region only. We thereforeFig. 1. Novel Mesp2-null alleles exhibit an incomplete rescue of somite formation i
regions from E10.5 (A–C) and E11.5 (D–F) embryos of wild-type (A and D), M
Mesp2neoMCM/neoMCM embryos (B and E), somite formation is disrupted in a similar m
seen at E11.5 (arrowheads in panel E). Mesp2MCM/MCM embryos without the pgk-ne
incomplete somite formation at E11.5 (F).focused on this rescue event at E11.5 and mainly used the tail
region at this developmental stage in our subsequent analysis.
As Mesp2 plays crucial roles in both somite formation and
rostro-caudal patterning, we next examined the expression of
both rostral and caudal half marker genes. EphA4 and Cer1 are
rostral genes genetically downstream of Mesp2 (Takahashi et
al., 2003). EphA4 is a direct target for Mesp2 (Nakajima et al.,
2006) and is implicated in segment boundary formation during
zebrafish somitogenesis (Durbin et al., 1998). The normal
stripe-like expression pattern of both EphA4 and Cer1 in the
anterior PSM is severely downregulated in Mesp2L/L embryos
(Figs. 2A, B, E and F; n=6 for each case). Unexpectedly,
however, we found robust expression of both EphA4 and Cer1
in both the Mesp2neoMCM/neoMCM and Mesp2MCM/MCM embryos
(Figs. 2C, D, G and H; n=6). These results indicate that the
rescue of somite formation in the Mesp2MCM/MCM involves the
upregulation of rostral genes, and that this occurs also in the
Mesp2neoMCM/neoMCM embryo, which does not show significant
rescue of morphological somite formation. Tbx18 is expressed
in the rostral half of both nascent and formed somites, and is
implicated in the maintenance of the rostral compartment of
somites (Bussen et al., 2004; Fig. 2I; n=10). The expression of
Tbx18 is almost completely disrupted in the Mesp2L/L embryo
(Fig. 2J; n=6) and is also severely decreased in either the
Mesp2neoMCM/neoMCM or theMesp2MCM/MCM embryos (Figs. 2K
and L; n=6 for each genotype). Tbx18 expression is also
affected by Dll1 (Bussen et al., 2004), but we find from our
genetic analyses that it is more directly regulated by Mesp2 than
by Dll1 (Supplementary Fig. S2).
The expression of Dll1 and Uncx4.1 is localized in the
caudal half of the somites (Bettenhausen et al., 1995; Mansourin a stage-dependent manner. Hematoxylin and eosin stained sections of the tail
esp2neoMCM/neoMCM (B and E) and Mesp2MCM/MCM (C and F) are shown. In
anner to theMesp2L/L embryo, although some signs of a somite boundary can be
o cassette (C and F) do not show any somite formation at E10.5 (C) and exhibit
Fig. 2. Novel Mesp2-null alleles exhibit partial rescue of rostral marker gene expression. Expression of EphA4 (A–D), Cerl (E–H) and Tbx18 (I–L) in the tail regions
of E11.5 embryos of the indicated genotypes. In contrast to the Mesp2L/L (B and F), robust expression of both EphA4 and Cerl in the anterior PSM is observed in the
novel Mesp2-null allele backgrounds (C, D, G and H). However, Tbx18 expression is severely reduced in the novel Mesp2-null alleles (K and L). Arrowheads in panel
D indicate incomplete segment boundaries.
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uniformly expanded in Mesp2L/L embryos (Figs. 3B and F;
n=5 for each case). In Mesp2neoMCM/neoMCM embryos, Dll1Fig. 3. The expression pattern of caudal marker genes and the vertebral morphology is
Dll1 (A–D) and Uncx4.1 (E–H) at E11.5, and the skeletal morphology of the lumb
normally localized in the caudal half of somites (A and E) but is strongly expanded
Uncx4.1 expression is slightly suppressed (C, D, G and H) and theMesp2MCM/MCM em
The fusion of the neural arches of vertebrae (J) is partially rescued in the novel Me
difference in expanded Dll1 expression.expression appears similarly expanded, but is slightly sup-
pressed in the somite region (Fig. 3C, bracket; n=6) compared
with the Mesp2L/L embryos. Strikingly, the stripe pattern ofpartially rescued in the novel Mesp2-null allele embryos. Expression patterns for
ar vertebrae at E17.5 (I–L) are shown. The expression of Dll1 and Uncx4.1 is
in the Mesp2L/L embryo (B and F). For the novel Mesp2-null alleles Dll1 and
bryos in particular show partial rescue of the stripe pattern formation (D and H).
sp2-null allele embryos (K and L). Brackets in in panels B and C show slight
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embryos (Fig. 3D; n=6). Similarly, Uncx4.1 expression is
expanded but is slightly suppressed in Mesp2neoMCM/neoMCM
embryos (Fig. 3G; n=6), and the localization in the caudal
compartment is recovered in the Mesp2MCM/MCM embryos (Fig.
3H; n=9). Uncx4.1 specifies the vertebral elements derived
from the caudal lateral sclerotome (Mansouri et al., 2000;
Leitges et al., 2000). In Mesp2L/L fetuses, the pedicles and
laminae of the neural arches are almost completely fused (n=8;
Figs. 3I and J). In the Mesp2neoMCM/neoMCM fetuses, the fusions
of the pedicles are largely similar to the Mesp2L/L fetuses, but
fusions of the laminae are less severe in some cases (3/9, n=9;
Fig. 3K). Interestingly, in theMesp2MCM/MCM fetuses, fusions of
the neural arches are even less severe (n=4; Fig. 3L). However,
the fusion of proximal rib elements observed in the Mesp2L/L
fetuses is also severe in either the Mesp2neoMCM/neoMCM or
Mesp2MCM/MCM counterparts (data not shown).
Implication of Lunatic-fringe (L-fng) expression in rescued
segmental border formation
Our previous analyses have demonstrated that Mesp2
suppresses Notch signaling activity, partially via the induction
of a Notch signal modulator, Lunatic fringe (L-fng) (Morimoto
et al., 2005). Mesp2 directly binds to a DNA fragment of the L-
fng enhancer element that harbors an N-box, and induces
expression of L-fng in the anterior PSM, thereby converting its
expression from an oscillatory to a clear stripe pattern. We
therefore examined the expression pattern of L-fng in our novel
knock-in embryos. In wild-type embryos, L-fng expression
eventually localizes into a very thin stripe in the anterior PSM
(Figs. 4A–C; n=25). In the Mesp2L/L embryos, however, the
expression pattern of L-fng never forms a thin stripe but instead
is expanded anteriorly and blurred (Figs. 4D–F; n=17). In the
Mesp2neoMCM/neoMCM embryos, L-fng expression is somewhatFig. 4. The localization of L-fng expression correlates with segment boundary formatio
each genotype to highlight the different phases of the L-fng expression patterns. In w
stripe (A–C). In theMesp2L/L embryos, the expression of L-fng never forms a thin stri
localization of L-fng expression is not rescued (G–I). In contrast, L-fng localization
boundaries (J–L). Brackets show length of anterior stripes for comparison.localized but is still blurred and expanded (Figs. 4G–I; n=14).
In contrast, L-fng expression localizes into a fairly thin stripe in
the Mesp2MCM/MCM embryos (Figs. 4J–L; n=11), suggesting
that this rescue in localization may contribute to segment
boundary formation in this genotype.
Mesp1 is responsible for the rescue events in the novel
Mesp2-null embryos
In the wild-type embryos, the Mesp1 expression pattern
changes from a broad to a thin stripe, similar toMesp2 (Figs. 5A
and B; n=12). InMesp2L/L embryos,Mesp1 expression is blurred
and its expression levels are more or less similar to wild-type
embryos (Figs. 5C and D; n=10). In the Mesp2neoMCM/neoMCM
and Mesp2MCM/MCM embryos, however, Mesp1 expression is
remarkably upregulated (Figs. 5E–H; n=10 and 9, respectively).
Furthermore, localization into the thin stripe pattern is partially
rescued in theMesp2MCM/MCM embryos (Figs. 5G and H). These
observations imply involvement of Mesp1 in the rescue of
somitogenesis in the Mesp2MCM/MCM embryonic tails.
To test whether the rescue in somite formation can indeed
be attributed to Mesp1, we genetically manipulated Mesp1
gene dosage by crossing Mesp2MCM/MCM mice with Mesp1/
Mesp2 double knockout mice (dko, Kitajima et al., 2000). The
reduction in Mesp1 gene dosage by one copy was found to
disrupt somite formation and also the caudal localization of
Uncx4.1 expression (Figs. 5L–N; n=8, 5 and 5, respectively).
On the other hand, the EphA4 expression levels were only
moderately affected (Figs. 5I–K; n=6, 4 and 4, respectively).
These data strongly suggest that somite formation, and the
stripe pattern expression of several genes, is mediated by the
function of Mesp1. They also suggest that there is a
compensatory mechanism that Mesp1 expression is upregu-
lated by the lack of Mesp2, but this regulation is disrupted in
the Mesp2L/L.n in the novel Mesp2-null allele embryos. Three embryos at E11.5 are shown for
ild-type embryos, L-fng expression in the anterior PSM finally forms a very thin
pe but is blurred and expanded (D–F). In theMesp2neoMCM/neoMCM embryos, the
is partially restored in the Mesp2MCM/MCM embryos with incomplete segment
Fig. 5. The rescue of somite formation is attributable to restored Mesp1 function. (A–H) Mesp1 expression is upregulated in the novel Mesp2-null embryo. In wild-
type embryos at E11.5,Mesp1 expression changes from a broad to a thin stripe pattern (A and B). InMesp2L/L embryos,Mesp1 expression levels are similar or slightly
lower than wild-type (C and D). In the novel Mesp2-null embryos,Mesp1 expression is remarkably upregulated (E–H) and its localization into thin stripes is partially
recovered in the Mesp2MCM/MCM embryos. (I–N) Reduction of the Mesp1 gene dosage disrupts somite formation. Although EphA4 expression is only moderately
affected (I–K), the segment boundaries and stripe pattern of Uncx4.1 are lost in embryos harboring only one copy of Mesp1 (L–N). (O–R) Mesp2 activates the
expression of Notch1 but suppresses Notch signaling. Expression of Notch1 (O and P) and the Notch target gene Hes1 (Q and R) in wild-type (O and Q) and Mesp2-
null (P and R) embryos. Bracket; strong broad stripe of Notch1 expression. Arrowhead: stripe-like expression of Hes1 at the forming somite border.
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that Mesp2 enhances expression of Notch1 receptor and
stimulates Notch signaling. Here we confirmed that Mesp2/
Mesp1 is required for the strong stripe of Notch1 in the
anterior PSM, but weak expression is rather expanded in the
Mesp2L/L embryo (Figs. 5O and P). Furthermore, stripe-like
expression of a Notch target Hes1 is not localized but
expanded anteriorly in the Mesp2L/L embryo (Figs. 5Q and R,
arrowhead in panel Q). This indicates that Mesp2/Mesp1
enhances Notch1 expression but suppresses Notch signaling.This led us to re-examine the effects of activated Notch1
knocked into the Mesp2 locus.
Activated Notch1 induces the expression of rostral genes in a
Psen1-independent manner
In a previous study from this laboratory, we demonstrated
that an activated Notch1 knock-in at the Mesp2 locus
suppresses the expression of the caudal genes, Dll1 and
Uncx4.1, in a Psen1-independent manner (Takahashi et al.,
Fig. 6. Activated Notch1 affects gene expression in the anterior PSM in both a Psen1-dependent and -independent manner. (A–D) EphA4 and (E–H) Hes5 expression
in E11.5 embryos of the indicated genotypes. Note that a stripe-like expression pattern for EphA4 is induced by activated Notch1 (C), and is largely unaffected by the
loss of Psen1 (D). In contrast, the strong Hes5 signal induced by activated Notch1 (G) is lost in the absence of Psen1 (H). (I–R)Mesp1 expression is induced by Notch
signaling partially in a Psen1-independent manner. (I–N) E11.5 and (O–R) E9.5 embryos from the indicated genotypes were analyzed. Mesp1 expression is
remarkably upregulated in the activated Notch1-knock-in embryos (panel K compared with panel L) and is only partially reduced by the loss of Psen1 (panel M
compared with panel N).Mesp1 expression is reduced severely in Dll1-null (P) and moderately in Psen1-null (Q) embryos. The remaining expression shown in panel
Q is dependent on the Dll1-Notch signal (R).
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activated Notch1 based upon the results we obtained in our
novel Mesp2 alleles. As shown in Fig. 6A, EphA4 is
expressed in the anterior PSM and its expression finally
localizes into the rostral half of forming somite in the wild-
type embryos (n=8). In the Mesp2L/L embryos, this expression
in the anterior PSM is severely decreased (Fig. 6B; n=6). In
activated Notch1 knock-in embryos, EphA4 expression is
significantly rescued (Fig. 6C; n=5) and this expression is
largely unaffected in the Psen1-null background (Fig. 6D;
n=4).
The Hes family of bHLH transcription factors is known as
a collection of general target genes for Notch signaling
(Takebayashi et al., 1995). In the wild-type mouse embryo,
Hes5 expression oscillates in the PSM as a traveling wave,
and finally stabilizes in the anterior PSM, localizing as a
very thin stripe (Fig. 6E; n=12). In the Mesp2L/L embryos,
this localization of Hes5 is lost and some ectopic expression
can be observed (Fig. 6F; n=11). In activated Notch1
knock-in embryos, Hes5 expression is strongly expanded
(Fig. 6G; n=10), but this expression is almost completely
lost in the Psen1-null background (Fig. 6H; n=5), indicating
its dependence on Psen1. These observations suggest that the
effects of activated Notch1 in mimicking Mesp2 are
mediated by pathways that differ from those involving Hes
genes.Activated Notch1 knock-in induces Mesp1 expression in a
Psen1-independent manner
Based on findings from novel Mesp2 alleles, we examined
expression of Mesp1 in the activated Notch1 knock-in embryos
at 11.5 dpc. In wild-type embryos, Mesp1 is expressed in the
anterior PSM in a broad or thin stripe pattern (Figs. 6I and J;
n=14). In the Mesp2L/L embryos, however, this expression is
somewhat weak and blurred (Fig. 6L; n=9). In activated
Notch1 knock-in embryos, very strong expression of Mesp1 is
observed (Fig. 6K; n=12) and although this is attenuated in the
absence of Psen1, it is still considerably stronger than the levels
in the Mesp2/Psen1 double-null embryos (Figs. 6M and N; n=4
and 5, respectively). These observations suggest that the effects
of activated Notch1 knock-in allele on upregulation of Mesp1
expression are partially independent of Psen1. We and other
authors have reported previously that Mesp2 expression is
induced by Notch signaling (del Barco Barrantes et al., 1999;
Takahashi et al., 2003). Finally, we asked whether the
expression of Mesp1 is indeed induced by Notch signaling. In
Dll1-null and Psen1-null embryos, Mesp1 expression is
severely and moderately downregulated, respectively (Figs.
6O–Q; n=16, 9 and 8, respectively), indicating its dependence
on Notch signaling. The remaining expression of Mesp1 in the
Psen1-null embryos is suppressed by the additional loss of Dll1,
indicating that Mesp1 expression is regulated by both Psen1-
600 Y. Takahashi et al. / Developmental Biology 304 (2007) 593–603dependent and -independent Notch signal (Fig. 6R; n=5). As
the phenotype of Psen1/Psen2 double mutants is more severe
than Psen1 mutants (Huppert et al., 2005), some gamma-
secretase activity by Psen2 remains in the Psen1 mutants.
Therefore, it is possible that Mesp1 expression may be induced
by very low amount of Notch signaling activity.
Taken together, the above data led us to partially revise our
existing interpretations of the findings in our conventional
Mesp2 knockout (Mesp2L/L) and activated Notch1 knock-in
mice. The results of our current experiments are summarized in
Fig. 7. Both Mesp1 and Mesp2, possessing redundant functions,
are expressed in the anterior PSM. It appears that a
compensatory mechanism exists in which Mesp1 expression
is upregulated in the absence of Mesp2. In the Mesp2L/L, which
contains LacZ-pgk-neo, this compensatory function of Mesp1
has been suppressed, so that the functional requirements of both
Mesp1 and Mesp2 during somitogenesis are manifested. In the
other Mesp2-null alleles, however, Mesp1 expression is
upregulated and may result in a partial rescue of the somite
defects that occur in the absence of Mesp2. Induction of EphA4
and Cer1 and suppression of Dll1 and Uncx4.1 appear to
correlate with this upregulation of Mesp1. Moreover, both
somite boundary formation and rostro-caudal patterningFig. 7. Schematic illustration of the relationship between the Mesp1 expression
and somitogenesis status in various genotypes. In wild-type embryos (Mesp2+/+),
the localization of both Mesp1 and Mesp2 expression induces the normal
localization of Notch signal, which is indicated by the Hes expression profile. In
our conventional “Mesp2-KO” embryo (Mesp2L/L), Mesp1 expression is not
significantly upregulated, cannot sufficiently suppress Notch signaling, and
somitogenesis is disrupted. In the novel Mesp2-null embryo harboring pgk-neo
(Mesp2neoMCM/neoMCM), Mesp1 expression is upregulated and affects the
expression of some rostral/caudal genes, but its localization is not restored and
boundary formation is not rescued. In the novelMesp2-null embryowithout pgk-
neo (Mesp2MCM/MCM), both segment boundary formation and rostro-caudal
patterning is partially rescued by the partial localization of Mesp1. In the
activated Notch1 knock-in embryos (Mesp2N/N), Mesp1 expression is greatly
upregulated but fails to localize normally, and excessive amount of Notch
signaling may counteract the effects of Mesp function, leading to a disruption of
boundary formation.correlates with the extent of Mesp1 localization. Furthermore,
the observed phenotypes in activated Notch1 knock-in embryos
are composites of the induction of Mesp1 and an ectopically
strong Notch signal. Although loss of Mesp2 and activated
Notch1 induce very strong Mesp1 expression, Mesp1 cannot
suppress Notch signaling to the same extent as Mesp2, and
caudal gene expression is thus expanded.
Discussion
Mesp1 plays a more fundamental role in somitogenesis than
previously thought
In our current study we find that the Mesp2L/L actually
represents a compound mutant with dysfunctional Mesp1 in
addition to a lack of Mesp2. This impinges upon our earlier
interpretations of the chimera analyses that we reported
previously (Takahashi et al., 2005). We concluded from our
earlier study that the contribution of Mesp1 to segment
boundary formation and rostro-caudal patterning was trivial,
since Mesp2-null chimeras and Mesp1/Mesp2 double-null
chimeras showed no differences in these processes. However,
we utilized Mesp2neo and Mesp2gfp alleles, both harboring a
pgk-neo cassette, to obtain Mesp2-null embryos and generate
chimeras with wild-type embryos. Therefore, because the
expression of Mesp1 is suppressed in the Mesp2-null cells of
these chimeric embryos, this may have caused an under-
estimation of the roles of Mesp1 during segment boundary
formation and rostro-caudal patterning. On the other hand, in
our gene replacement study, a Mesp1 knock-in at the Mesp2
locus rescues almost all aspects of somitogenesis (Saga, 1998),
which was inconsistent with our earlier conclusions from the
chimera analysis. Our current observations, however, may well
have resolved this discrepancy as when expressed at sufficient
levels, Mesp1 can substitute for most of the roles of Mesp2 in
somitogenesis.
We consider that not only expression level of Mesp1, but
also spatial pattern of expression may be critical for segmenta-
tion. In Mesp2neoMCM/neoMCM, Mesp1 expression is upregulated
but it fails to localize normally, as shown in Fig. 5. It is possible
that the pgk-neo cassette somehow interferes with regulation of
Mesp1 transcription, thus preventing normal localization of its
transcript.
Functional differences between Mesp1 and Mesp2 on target
genes
Our present results also show that when Mesp1 expression
is insufficiently low, the functional differences between Mesp1
and Mesp2 appear to be manifested. Mesp2 is obviously
required for the expression of Tbx18 in nascent and formed
somites (Figs. 2I–L). In contrast, Mesp1, even when strikingly
upregulated in the Mesp2neoMCM and Mesp2MCM embryos,
cannot rescue Tbx18 expression, while the robust expression
of both EphA4 and Cerl is rescued in these embryos (Fig. 2).
Thus, Mesp1 seems to be less capable of inducing Tbx18
expression than Mesp2, which allows two possibilities at
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bind and are activated by Mesp2, but less so by Mesp1.
Second, as Tbx18 expression is suppressed by Uncx4.1
(Bussen et al., 2004), and the suppression of Uncx4.1 is
incomplete in our Mesp2neoMCM and Mesp2MCM embryos,
Tbx18 may be suppressed by residual Uncx4.1 activity. In the
latter case, the difference in Tbx18 activation between Mesp1
and Mesp2 would be attributable to the differences in the
suppression of Uncx4.1. In any case, these differences are
presumably quantitative rather than qualitative, as Mesp1 can
rescue almost normal somitogenesis in our previous gene
replacement study.
Even in theMesp2MCM embryos with a partially rescued stripe
pattern of expression, the suppression of Dll1 and Uncx4.1 in the
rostral half compartment is quite incomplete and this may finally
result in fusion of the pedicles of the neural arches, particularly in
the central region (Figs. 3I–L). Initial segment border formation,
however, seems to be mostly achieved in this genotype. This
might be due to localized EphA4 and L-fng expression. This
situation is reminiscent of our previously reported Mesp2
hypomorphic alleles, which harbor the zebrafish mespb gene
instead ofMesp2 (Nomura-Kitabayashi et al., 2002). Although it
is not clear whether functional differences between zebrafish
mespb and mouse Mesp2 correspond to those between Mesp1
and Mesp2 in mice, such a hypomorphic phenotype may be
representative of the condition resulting from a general lack of
functional Mesp proteins.
The rescue of somite formation in the Mesp2MCM embryos
was observed only in the posterior somites of the tail region
at E11.5 but formation of the anterior somites was not
restored in these embryos. Recently we also detected the
upregulation of Mesp1 expression in another Mesp2 knock-in
allele, Mesp2HD/HD, and that the extent of Mesp1 upregulation
in the absence of Mesp2 is more acute in the posterior
somites than in the anterior somites (Morimoto et al., 2006).
Hence, the observed differences in the extent of the rescue of
somite formation along the anterior–posterior axis may be
due to such a difference in the Mesp1 expression levels.
Mesp factors mediate Psen1-independent Notch signaling in
the anterior PSM
Our current observations also suggest that the putative
Psen1-independent effects of activated Notch1, resulting in
the suppression of Dll1, can be mostly attributed to the
induction of Mesp1. We cannot exactly determine to what
extent the simple loss of Mesp2 and Notch function
contribute to the upregulation of Mesp1. Considering that
Mesp1 is upregulated even in the Mesp2neoMCM/neoMCM with
the pgk-neo cassette, the observed Mesp1 upregulation in
Mesp2N/N embryos may be partially due to simple loss of
Mesp2. However, as Mesp1 expression level in the Mesp2N/N
is slightly higher than that in the Mesp2neoMCM/neoMCM and
there is always additional expression anterior to the strong
stripe in the former (Fig. 6K, bracket), we consider that Notch
activity affected Mesp1 expression level, in addition to the
simple loss of Mesp2.We have shown via genetic analyses that the expression
of Mesp2 (Takahashi et al., 2003) and Mesp1 (current
study) is induced by Dll1–Notch signaling. We have
recently shown also by biochemical analysis that the
Notch intracellular domain (NICD) greatly stimulates
Mesp2 transcription in the presence of Tbx6 in reporter
assays (Yasuhiko et al., 2006). However, we have also
demonstrated herein that Mesp2 stimulates the expression of
the Notch1 receptor but suppresses the Notch downstream
target Hes1 (Jouve et al., 2000; Figs. 5O–R). Therefore,
Dll1–Notch signaling induces Mesp2, which suppresses
Notch signaling, thus forming a negative feedback loop. In
this context, Mesp2 may activate Notch1 receptor expression
for the induction of Mesp2 itself. Hence, the more that
Notch signals are activated, the more rapidly they will be
suppressed by Mesp2. In the chick PSM, cells that express
activated Notch have segmenter activity leading to segment
boundary formation (Sato et al., 2002). The upregulation and
subsequent downregulation of Notch signaling may thus be a
key event during segment border formation and stripe
pattern formation.
In this context, Cui (2005) has proposed a role for a
transcription factor as a cell context factor that determines the
response to Notch signaling. In early Xenopus embryos,
Notch signals can either suppress or activate myogenesis.
Notch signals also induce two bHLH transcription factors,
Hairy and ESR1, where ESR1 induces Hairy and promotes
myogenesis, and Hairy suppresses ESR1 and inhibits myogen-
esis. In this instance, the expression levels of Hairy determine
the cell context whereby cells suppress or activate myogenesis
in response to Notch signaling. The Mesp family members,
which are transcription factors that are relatively closely
related to Hairy, may have similar roles in determining the cell
context for the effects of Notch signaling. This contention is
supported by the observation that heterozygotes for an
activated Notch1-knock-in allele show completely normal
somitogenesis, and stronger expression but normal localization
of Hes5 (Supplementary Fig. S3). In the presence of one copy
of Mesp2, activated Notch1 may exert suppressive effects,
whereas in the absence of Mesp2, it may stimulate higher
expression levels of the Notch target, Hes5. In many of the
Notch pathway mutants that have been generated, clear stripe
patterns of gene expression, i.e. demarcation of the gene
expression levels, are lost and blurred. Mesp factors have
critical roles in establishing such gene expression domain
boundaries.
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